As an added bonus, it was believed that this more accurate heat transfer-fluid flow model could later be coupled with the quite detailed neutronics of VARI-QUIR to provide an improved code for a variety of transient problems.
The ability of this model to accurately represent a NERVA reactor may perhaps be improved by changing some of the input data we have used. It may even be necessary to modify the code somewhat, by including details which we have neglected, if they are found in^ortant.
But the basic structure of the code should remain unchanged, and it should be a useful tool for transient analysis. It provides a one-pass *As a matter of fact, in TNT as well, the nozzle equations assume an ideal gas. This simplification is generally inaccurate at the low temperatures involved in a cold flow test and becomes completely meaningless if two-phase flow enters the nozzle.
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program to replace the iterative procedure (previously used in accident calculations) which was carried out between such codes as TNT and RTS, and which involved intermediate hand calculations
besides.
An example of the use of this code is described in reference #15.
II. DESCRIPTION OF CODE

A. Physical Model, Equations
A single channel is used to represent flow through the reflector, and another channel, in series with the first, to represent flow through the core. Each channel is divided into an arbitrary number of equal axial increments (we have used 10 core and 10 reflectors in the problems run thus far). Each axial increment is thus a horizontal slice, including both an element of fluid and the surrounding solid which is (generally) heating it.
A.l. Neutronics
The very simplest model is used here: 1 energy group, 6 precursors, point kinetics (i.e., the spatial shapes of the flux and precursors are assumed constant for all time, only their magnitudes varying). Thus the equations solved are:
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and j = 1 to 6:
In the problems run thus far, we used X = 2.4 x 10"^ sec, p= .0078, and delayed neutron constants p. and X ^ as listed below. The multiplication factor k varies with time, depending on control drum position and feedback. .022000 .97800
Note that our nimibering system proceeds always in the direction of fluid flow; i.e., the nozzle is adjacent to reflector element #1 and core element #10, Thus, if the foregoing power fractions were plotted versus element number, the reflector curve would be the mirror image of the core curve.
These power fractions are input quantities, and can be changed at will. However, care should be taken to make them add up to 1.0, as there is no internal check for this in the code.
Given these power fractions F. and the total power P, the temperature rise of any axial element of solid follows the equation
where Q. is the rate of heat loss to the fluid,to be discussed in the next section.
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The heat capacity C^ is determined by the code as a product of two factors: an input value, giving the heat capacity of a core element at 4000°R and a reflector element at 600°R; and a temperature-dependent reduction factor, built into the code and not available to input data, which reduces the heat capacity of each The variable input data to the code consists of two numbers: for the reflector, the reciprocal heat capacity, l/Cj^, in °R/Btu, for a single axial reflector solid element (assumed the same for each element) at 600°R and a similar number for a core element at 4000°R, For the problems run thus far, with 10 axial elements, we have used 6.6707 x 10~^ °R/Btu for a core element, and 6.2247 x 10"^ °R/ Btu for a reflector element; these numbers are again based on lumping the components listed by weights in reference 3, using the specific heats of reference 4. Note that, for identical material assumptions, these numbers must be increased in direct proportion to the number of axial elements into which a channel is divided, since they give the reciprocal heat capacity of each element.
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where W is the flow rate; k^ , C ., and U^ are the gas conductivity, specific heat, and viscosity; XQ is a constant factor depending only on geometry; and MJ is zero except for two-phase flow. When two-phase flow is present, the Martinelli correction for hydrogen is, from reference 6, ^9»0 % less of J 3"i6(i:f)°"9 i^)
where x is the fluid quality, and /{ and P the viscosity and density of gas (subscript g) or liqiiid (subscript X ) phases. We have inserted the cut-off value of 9.0 because experimental data does not extend beyond
this point, and simple extrapolation of the power functions in (5) to the pure liquid (x = 0) case would be in obvious error.
The only undetermined constants in (4) Again note that, with no change in physical assumptions (i.e., to obtain the same temperature distribution), if we increase the number of axial regions in the core or reflector above the value 10 used here, we must decrease Xp or X^ by the same ratio (because they include a factor for channel element length),
A.4. Heat Removal by the Coolant, Energy Conservation
Having followed the energy from its birth in fission, its heating of the solid, and then the transfer of that heat to the coolant, we are finally ready to consider its being carried Since all of our other equations have referred to average quantities over an element, whereas (6) involves the edge I quantity H., we must make a connection between the two. To do this we use the simple arithmetic mean:
where Hj_ is the average enthalpy per unit mass in the ith fluid element. We shall therefore assume, for simplicity, that there is no in-channel pressure drop -i.e., that the pressure of the gas is constant from reflector entrance to core exit and drops only on passage through the nozzle.
We need a relation for this nozzle pressure drop as a function of flow rate so that, given the ambient pressiu:*e, we can compute the in-channel fluid pressure, and thence other fluid properties. Such a relation is derived below, following the approach of reference 10 but replacing their ideal gas assumption with arbitrary fluid properties. Thus our results should be good for a cold gas outside the ideal range and even down to two-phase flow through the nozzle.
Since we are not interested in quantities like total thrust, but only flow rate and pressure, it was deemed sufficient to follow the fluid only as far as the nozzle throat and to neglect the diverging portion of the nozzle, (The error involved in this approximation will be discussed at the end of this section,) Thus we consider a simple converging nozzle. In what follows let subscript P refer to conditions in the core exit plenum, upstream from the nozzle;
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subscript T, the nozzle throat; and subscript A, the ambient conditions (beyond the nozzle throat, i.e., outside the reactor).
Assuming adiabatic flow through the nozzle (i.e., no heat transfer from the walls), the total fluid energy (enthalpy plus kinetic energy) will be constant from core exit plenum through nozzle. If the plenum has a large area, so the velocity there is negligibly small, we thus have
where v is velocity and H is enthalpy per unit weight of fluid. The weight flow rate ¥ is given by the product of velocity, weight density, and flow area, and is constant from point to point, by conservation.
Thus, evaluating it at the nozzle throat.
Combining (8) and (9) W = K 6* T ^ (Hp -H^) (10) where the nozzle constant K involves only geometry and dimensional conversion factors.
Given the plenum and ambient conditions, we must therefore determine the nozzle throat conditions P m and Hm in order to use equation 10, It will be sufficient to determine any two fluid state variables at the nozzle throat, since all the rest can then be 11 istronuclear WANL-TME-1001
found from the equations of state. One variable, the entropy, can immediately be determined by assuming that the nozzle flow is not merely adiabatic, but reversible (i.e., isentropic):
The other fluid state variable we wish to determine at the throat is the pressiire. For low fluid velocities, i.e., for small enough pressure drops from plenum to exterior, the throat pressure is simply in equilibritmi with the immediately adjacent* ambient pressure:
With Pm and S_ determined from (11) and (12), the other thermodynamic variables P ^ and H-p are given by the fluid equations of state, and the flow rate may then be found from (10), However, as we increase the pressure drop Pp -Pij by decreasing P., it is fomid that the flow rate as calculated from (10) rises to a maximum and then begins to decrease. That this decrease does not occur physically may be shown as follows. At the maximum W, we have:
*Recall that our model is simply a converging nozzle, which ends at the throat.
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where the derivative is taken at constant entropy because (11) always holds. Using our form (10) To summarize, as the ambient pressure P. is reduced below the critical pressure P* corresponding to maximiam W, the throat pressure Pij will not follow P. as in (12) constant (for constant Pp) at P*. Therefore, to cover the range of all flow rates and pressiire drops, equation (12) must be replaced by: (14) where P* is the critical pressure for given plenum conditions; i.e., with fixed H", S", and S = S , P* is that value of Prp which maximizes
Equations (10), (11) and (14) As mentioned earlier in this section, the actual converging-diverging nozzle is replaced in our model by a simple converging nozzle. Since our constant K is adjusted at fiill power, where the flow is choked, and in choked flow the conditions beyond the nozzle throat cannot be felt in the throat, our model will be completely accurate in the choked flow range. For very low flow rates (crossing into subsonic nozzle throat velocities) the pressure just beyond the nozzle throat does have an effect on flow rate. Our model will take this pressure as ambient, whereas actually it will be somewhat below ^^^^^^^^^^^^^ "Astronuclear K^^^^^^^^^^^^^^m ^v."^<^* WANL-TME-1001 ambient, due to the velocity drop (and hence pressure rise) in the diverging section of the nozzle. In this range, however, the flow rate W is a maximum and therefore varies only slightly with throat pressure anyway. At still lower flow rates, the nozzle pressure drop is so small that it matters not how accurately we calculate it; the pressure inside the reactor will be roughly atmospheric, in any case.
The advantage of our treatment lies in the arbitrariness of the fluid state equations it will allow. For an ideal gas at choked flow, equations (10), (11) and (14) 
Ao6. Hydrogen Equations of State
In all of the foregoing sections, it was assumed that we would have available the hydrogen equations of state, relating the various thermodynamic properties of the fluid. Except for singular cases, any two thermodynamic state variables will be sufficient to determine the state of the sytem and hence the remaining properties. We should prefer the two independent variables to be enthalpy and pressure since the fluid enthalpy will be directly obtainable from equations like (6) and (7) If we choose to start from equilibrium, there is a steady-state problem to solve first. This is done as follows.
Since the time derivative in equation (2) If pressure rather than flow rate has been specified, we guess a flow rate, carry through the above calculation to the point of pressure determination, compare with the specified niCTniCTCD DillTA ®l^Z"X pressure, guess a new flow rate, and iterate until satisfactory acciiracy has been achieved. The remainder of the calculation is precisely as before,
If the "transient-start" option is used, the initial wall temperatures are also input to the code (see Section III, card group 9B and 9C)<. We now know all the wall temperatures, the enthalpy into the reflector and either the fluid pressiire or the fluid flow rate depending on the option choseno The first step is therefore to guess the other variable (i,e,, if flow rate is read in, guess the pressure, and vice-versa). It is now straightforward to go through the reactor element by element, knowing the pressure, flow rate, wall temperatures and the enthalpy of the preceding element; to do an "inner iteration"
at each element, using equation (3), (4), (6) and (7), determining the fluid enthalpy, heat transfer coefficient, and heat loss rate of that element; and thus to come to the core output plenum with known enthalpy and either pressure or flow rate known exactly, the other having been guessed. The "guessed variable" is now solved for, using the nozzle equation, and this new guess used to repeat the entire process; iteration continuing until satisfactory accuracy has been achieved.
In the time-dependent problem, the feedback calculation for each time-step begins by integrating equation (2) to obtain the change in wall temperature, and hence a new wall temperature, for each axial element. The old heat loss rate Q is used in this calculation, but the power P is actually integrated over the entire 
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